Magnetic-field induced band-structure change in CeBiPt 
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We report on a field-induced change of the electronic band structure of CeBiPt as evidenced 
by electrical-transport measurements in pulsed magnetic fields. Above ~25 T, the charge-carrier 
concentration increases nearly 30% with a concomitant disappearance of the Shubnikov-de Haas 
signal. These features are intimately related to the Ce 4/ electrons since for the non-4/ compound 
LaBiPt the Fermi surface remains unaffected. Electronic band-structure calculations point to a 
4/-polarization-induced change of the Fermi-surface topology. 
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PACS numbers: 71.18.+y, 71.20.Eh, 72.15.Gd 

The influence of magnetic fields on the electronic band 
structure of metals is usually minute and may, therefore, 
in most cases be disregarded because of the different rel- 
evant energy scales of the itinerant electrons in conven- 
tional metals and of the applied magnetic fields: the typi- 
cal Fermi energy is of the order eV compared to a Zeeman 
energy of ~6 meV at 50 T. However, the situation may 
change considerably in case the relevant energy scales of 
the electronic system are strongly reduced. 

Prominent examples for field-induced changes of the 
Fermi surface are, e.g., strongly correlated metals close 
to a "quantum critical point" yj. Usually, the critical- 
ity results from magnetic interactions leading to field- 
induced modifications of the magnetic ground state 00]. 
For some materials different Fermi surfaces could be de- 
tected above and below a metamagnetic phase transition 
00,0]. In the paramagnetic state of a metal, however, 
a direct influence of an external magnetic field on the 
electronic band structure is usually not expected. 

Here, we provide evidence for a rather sudden field- 
induced increase of the charge-carrier concentration con- 
nected with a Fermi-surface change in the semimetal Ce- 
BiPt. This remarkable phenomenon is absent in the 
non-4/ sister compound LaBiPt. Both compounds be- 
long to the intermetallic series i?BiPt (R — rare-earth 
metal) that shows a rich diversity of ground states de- 
pending on R |6fl. Explicitly, YbBiPt is a "super" -heavy- 
fermion metal |jfl, NdBiPt is a small-gap semiconductor 
6], LaBiPt is a superconductor with critical temperature 
T c = 0.9 K, and CeBiPt is a commensurate antiferromag- 
net with an ordering temperature of Tjv = 1.1 K 0,0. 

In the following we present high-field investigations of 
the magnetization and of the electrical-transport proper- 
ties of LaBiPt and CeBiPt in the paramagnetic metal- 
lic state. Both compounds are semimetals with very 
low charge-carrier concentrations and correspondingly 



small Fermi surfaces |9j. The electronic properties of 
LaBiPt can consistently be described by standard Fermi- 
liquid theory. The observed magnetic quantum oscilla- 
tions I9 i llfJl agree very well with band-structure calcu- 
lations j 1 it ] - The picture changes considerably for the 
isostructural semimetal CeBiPt. Above ~10 K and be- 
low ^20 T, the electronic properties follow conventional 
Fermi- liquid theory as in LaBiPt. Towards lower tem- 
peratures, however, the Fermi surface changes, i.e., for 
certain field orientations the Shubnikov-de Haas (SdH) 
frequency increases by almost a factor of two between 
10 and 0.4 K 0]. Another unusual feature is found in 
pulsed-field experiments. Above about 25 T the SdH 
signal vanishes and, instead, the magnetoresistance in- 
creases considerably (Fig. d hinting at a field-induced 
Fermi-surface modification [lfj. This feature is not re- 
lated to the quantum limit since at 25 T still about five 
Landau levels (of both spin orientations) are occupied. 

The single crystals of CeBiPt and LaBiPt were grown 
at Hiroshima University by use of the Bridgman tech- 
nique. Details of the crystal growth have been reported 
elsewhere 8, 9J. The electrical-transport and magnetiza- 
tion measurements were performed at the High Magnetic 
Field Laboratory Dresden (HLD) in pulsed fields up to 
about 50 T at temperatures above T = 1.8 K by use 
of a 4 He gas-flow cryostat. For the transport measure- 
ments six 40 fim. gold wires were attached to the samples 
with graphite paste. AC currents up to 1 mA with fre- 
quencies between 10 and 50 kHz were applied for about 
80 ms just before and during the field pulse. The re- 
liability of the data was checked for different currents 
and frequencies. Uncertainties of the geometry factors 
result in error bars of about 20% in the absolute resistiv- 
ity. The samples were tightly fixed to the sample holder 
with IMI7031 varnish. Since small misalignments of the 
contacts are unavoidable the longitudinal and transverse 
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FIG. 1: Field dependence of the resistivity of CeBiPt at 4.2 K 
in a pulsed field of up to 48 T and in a static field of up to 
28 T. The inset shows the SdH signal after subtracting the 
steady background pi, from the pulsed-field data. The dashed 
curve represents the behavior expected theoretically. 
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FIG. 2: Field dependence of the longitudinal and transverse 
resistivities of CeBiPt for different temperatures. The dashed 
lines are linear fits to the low and high-field Hall data. The 
inset shows the measured (symbols) in comparison to the cal- 
culated magnetization (lines). 



(Hall) resistances were extracted from positive and nega- 
tive field pulses applied successively at each temperature 
[l2T |. The data shown in the following, therefore, com- 
prise either the completely symmetric (longitudinal) and 
antisymmetric (transverse) signals. 

The overall agreement betweenpulsed-field and static- 
field data is very good (Fig. [9j . The initial decrease 
of the resistivity, p, reflects most probably antiferromag- 
netic fluctuations above TV in the paramagnetic state as 
evident from its absence at 20 K [lTj . Then, up to about 
25 T, the oscillations caused by the SdH effect appear. 
Towards higher fields, however, instead of exhibiting fur- 
ther maxima and minima, p just increases monotonically. 

The inset in Fig shows the expected SdH signal 
(dashed curve) in comparison to the experimental data. 
For the theory curve we used the well-known SdH formu- 
las (see ^3 for details) with parameters F = 48 T for 
the SdH frequency, m c — 0.24 m e for the effective mass, 
and To = 2.7 K for the Dingle temperature, in good 
agreement with the static- field data [9j. For the experi- 
mental signal we plotted Ap = (p — Pb)/pb, with pb the 
steady background resistivity shown by the dashed line 
m Fig. HQ. It is evident that above 25 T the oscillating 
signal disappears. We should note that there is some am- 
biguity determining pb- However, in order to recover an 
oscillating behavior of Ap above 25 T a highly artificial 
oscillatory background would have to be assumed. 

In previous experiments, it was shown that the resis- 
tance increase can be followed up to 60 T and that the 
SdH oscillations vanish independent of sample orienta- 
tion in field This contrasts with the temperature- 
dependent change of the Fermi surface that occurs only 
for fields aligned within about 15 deg along the main 
cubic-lattice axes 0|. 

In order to investigate the high-field behavior of Ce- 



BiPt in more detail, we measured the Hall effect. Indeed, 
as the most important result of this study, Hall-effect 
measurements in pulsed fields reveal a clear change of 
slope of the Hall signal at this field range (Fig. |3J . This 
effect was found to be temperature independent between 
1.8 and 10 K. Matching the field where the strong in- 
crease of the longitudinal resistance sets in, the average 
Hall coefficient, Rr = p xy /B, decreases by about 28% 
(difference in the slopes of the two dashed lines in Fig. 
EJ. The fit to the low-field (B < 22 T) Hall data re- 
sults in a hole-like charge-carrier concentration of n l ^ w = 
(i? ff e)" 1 = 7.2(3) x 10 17 cm" 3 , whereas at high fields 
(B > 38 T) it increases to n^ gh = 9.2(3) x 10 17 cm- 3 . 
The low-field value agrees well with the result of static- 
field measurements (n l b ow — 7.7 x 10 17 cm -3 in view 
of the experimental error caused mainly by the sample- 
geometry uncertainties. 

It is this field-induced increase of the charge-carrier 
concentration that is unique for the present paramag- 
netic metal. Earlier band-structure calculations resulted 
in two small hole-like Fermi surfaces at the Brillouin- 
zone center and even smaller electron-like Fermi surfaces 
surrounding them [jj. Assuming a simple single-band 
picture, the low-field (below 25 T) SdH results are in 
line with these calculations, although the smallness of the 
electron pockets prohibits an experimental verification by 
our SdH measurements. From theory it is not clear how 
this band structure is modified above 25 T. A detailed 
analysis of the high-field Fermi-surface topology from our 
data is excluded due to the lack of any detectable SdH 
signal at these fields. The increasing number of hole-like 
charge carriers would lead to a small increase (by about 
18%) of the SdH frequency. 

The temperature-dependent Fermi-surface change was 
found only for CeBiPt, but not for the homologous non- 
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FIG. 3: Field dependence of the longitudinal and transverse 
resistivities of LaBiPt. The dashed line is a linear fit to the 
Hall data. 



4/ compound LaBiPt |9j. It was, therefore, straightfor- 
ward to check for any unusual field-induced phenomena 
in LaBiPt. As shown in Fig. 03 for this metal neither 
the longitudinal resistance nor the Hall effect reveal any 
deviation from a well-behaved Fermi liquid. The SdH sig- 
nal for LaBiPt can be well explained [lfj by two slightly 
different hole-like Fermi surfaces as predicted by band- 
structure calculations Most notably, the transverse 
signal increases - except for small SdH traces - linearly 
with magnetic field without any unusual slope change. 
Consequently, the charge-carrier concentration in LaBiPt 
remains at rih — 4.2(2) x 10 18 cm~ 3 independent of field. 

These results clearly show that the Ce 4/ electrons are 
responsible for the observed field-induced band-structure 
modifications. A partial onset of 4/ hybridization was 
suggested to explain the temperature-dependent change 
of the Fermi-surface area observed earlier 0. Thus, one 
possible scenario for the observed feature would be that 
with increasing magnetic field the / electrons become de- 
coupled from the delocalized electrons. This may lead to 
a reduced number of electron-like states which in turn 
would result in an increased value n^ ah for the hole-like 
charge-carrier concentration. A field-dependent decrease 
of the 4/ hybridization is well known from Ce-based 
heavy- fermion compounds, such as CeCug and CeBg |l5| . 
It should be noted, however, that in contrast to these 
materials the Kondo effect appears to play no significant 
role in CeBiPt. The Sommerfeld coefficient 7 deduced 
from specific-heat measurements is very low [8J and the 
effective mass from SdH measurements is only 0.24 free- 
electron masses 0. We further observe a rather sudden 
change of the charge-carrier concentration in CeBiPt that 
contrasts the smooth effective-mass decrease in the above 
heavy-fermion systems. 

As a consequence of the / electrons loosing their itin- 
erant character one would expect a structure in the mag- 
netization, M, with increasing field, i.e., some increase 



of M at about 25 T. We, thus, measured M of a large 
(374.5 mg) CeBiPt single crystal in pulsed magnetic fields 
up to about 49 T. As shown in the inset of Fig. [21 there is 
no significant feature visible at 25 T in the magnetization 
M(B). We therefore exclude a field-induced decoupling 
of the / electrons from the itinerant charge carriers. 

The expected magnetization curves at 1.8 and 10 K 
(lines in the inset of Fig. [2J have been calculated as- 
suming localized Ce 4/ moments. All necessary in- 
formation for this calculation is known; from inelas- 
tic neutron-scattering experiments of CeBiPt powder a 
crystal-electric-field (CEF) splitting of 9.5 meV has been 
measured and specific-heat data show that the quar- 
tet r 8 state has the lowest energy 0, . Since the F7 
doublet is well separated from Tg the free-ion saturation 
magnetization of 2.14 \ib cannot be reached up to 50 T. 
The experimental data clearly fall below the expected M . 

As an alternative scenario, the external field depen- 
dence of the band structure was checked. Though the 
Fermi surfaces are tiny, the direct Zeeman splitting of the 
band states is probably too small to explain the effect. 
Field-induced 4/ polarization, however, produces an ex- 
change field on the Ce 5d states that may yield band 
splittings of ^0.1 eV at 50 T in the saturated state. 

At first, the zero- field band structure of CeBiPt was 
re-calculated by use of a recent 0], high-precision 
four-component relativistic version of the full-potential 
local-orbital (FPLO) code 0. The Perdew-Zunger 
parametrization of the exchange-correlation potential in 
the local spin-density approximation (LSDA) was used. 
A basis set of optimized local orbitals with 5s, bp, 6s, 6p, 
and 5d states for Ce, Bi, and Pt was used. The Ce 4/ elec- 
tron was not included in the valence basis and localized 
by use of a confining potential. A spherically averaged 
4/ charge and spin density was assumed. Self-consistent 
calculations were performed with 8000 fc-points in the full 
Brillouin zone and 2000 Fourier components per atom for 
the Ewald-potential representation. The effect of all tech- 
nical details of the calculation (4/ confinement, spherical 
4/ charge density, other numerical parameters) has been 
carefully checked to be below 10 meV in the region close 
to E F . 

The resulting band structure [Fig. Eta)] is very sim- 
ilar to that published earlier |9(, but the semi- metallic 
character is yet more prominent with almost vanishing 
Fermi surfaces. The experimentally observed hole-pocket 
areas can be matched if the Fermi level is shifted by 
20 meV to lower energy. This shift corresponds to a tiny 
change of the valence electron number, AN/N « 10~ 5 . 
Such an uncertainty can be related either to a minute 
off-stoichiometry of the samples below the limit of de- 
tectability or to the limited accuracy of the LSDA used 
to calculate the single-electron levels. 

Next, we note that all states in the vicinity of the 
Fermi level (±0.5 eV) have predominantly Ce-5d char- 
acter. If 4/ polarization is applied (using the so-called 
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FIG. 4: LSDA bands of CeBiPt close to the Brillouin-zone 
center along the symmetry lines A [from (0.10 0) to (0 0) in 
units of 2-k/o] and A [from (0 0) to (0.067 0.067 0.067)]. The 
nominal Ef is at zero energy, the shifted Fermi level that 
yields the correct Fermi-surface area is indicated at —20 meV 
by the dotted line, (a) shows the non-magnetic case with 
unpolarized 4/ shell; In (b), (c), and (d), the 4/ spin moment 
is fixed to be 0.2/is, 0.5/is, and 1.0/^s, respectively. 

open-core approach), intra-atomic exchange interaction 
splits the Ce-5d bands close to the center of the Bril- 
louin zone [Fig. ^b-d)]. The nominal Fermi level (in- 
teger number of valence electrons) is taken as reference 
(0 eV) and a shifted Fermi level that provides the correct 
Fermi-surface area is indicated by the dotted line. The 
Af spin polarization is gradually enhanced from compen- 
sated spin densities [Fig. EJa)] to completely polarized 
4/ state [Fig. |3Jd)]. The latter situation corresponds to 
a field-saturated paramagnet. With increasing 4/ polar- 
ization, the electronic bands close to the Brillouin-zone 
center are split in a Zeeman-like fashion into four equidis- 
tant levels. Their splitting increases linearly with the 4/ 
spin moment up to ~75 meV. The lowest of the four lev- 
els crosses the shifted Fermi level before the 4/ moment 
is saturated. The related change of the Fermi-surface 
topology could explain the measured Hall-effect peculiar- 
ity. It should be noted that this scenario, though being 
attractive by its simplicity, does not explain the observed 
temperature independence of the effect. 

Conduction-electron scattering off virtual CEF exci- 
tations provides an alternative qualitative explanation. 
These processes enhance the effective masses and shift 
the conduction-electron energies. The shifts, being neg- 
ligible in conventional metals, can affect the Fermi sur- 
faces in semimetals with low carrier concentrations. The 
resulting field-induced changes should vary rather weakly 
with temperature as will be discussed elsewhere. 

In conclusion, we have presented evidence for a dras- 



tic change of the electronic band structure of CeBiPt 
at ^25 T. Above this field the SdH oscillations vanish 
and the hole-like charge-carrier concentration increases 
by about 28%. The absence of these features in LaBiPt 
clearly reflects the relevance of the 4/ electrons for the 
observed behavior. A splitting of the Ce-5ci bands close 
to Ef due to exchange interaction with the polarized 4/ 
states is a possible explanation. This mechanism would 
yield a magnetic-field driven metal-insulator transition 
for exact stoichiometry. 
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